Introduction 26
Carbon dioxide emissions attributed to construction in the UK amount to almost 52 27 Mt per year [1] , accounting for 9.6% of the UK's 'carbon footprint' [2] . Legislation 28 binds the UK Government to an 80% reduction in CO 2 emissions by 2050, and hence 29 their reduction is a government priority [3] . Since operational CO 2 (oCO 2 ), defined as 30 those emissions associated with the energy used in heating, lighting, air-conditioning, 31
IT services, maintenance etc [4] , makes the greatest contribution to emissions, current 32 guidelines rightly concentrate exclusively on reducing these emissions. 33
34
Yet the embodied CO 2 (eCO 2 ) emissions -those associated with the construction and 35 disposal phase of the lifecycle -are a significant proportion of the total lifecycle 36 emissions. Sturgis and Roberts [4] quote figures of 30% for housing, 20% for a 37 supermarket, 45% for an office and 60% for a warehouse. This proportion will 38 approach unity as low-carbon operational paradigms -better insulation, low-energy 39 lighting, fabric energy storage etc. -are introduced, pushing towards the target of 40 reducing oCO 2 to zero by 2019 [5] . Furthermore, for infrastructure, operational 41 emissions are either negligible (e.g. for a dam) or attributed to users (e.g. exhaust 42
emissions from vehicles using a bridge). Thus it is important that we begin to 43 understand the eCO 2 associated with construction. 44
45
Most analyses of eCO 2 in construction conclude that it is dominated by the emissions 46 associated with the industrial production of materials [e.g. 6]. Concrete is the most 47 predominant construction material, with global production approaching 20 × 10 12 kg 48 per annum, significantly more than all other construction materials combined; and 49 increasing at several percentage points annually as large developing nations upgradeand install infrastructure [7] . Thus, formulating policy for reducing the overall carbon 51 emissions of the built environment will require that the eCO 2 of concrete is known 52 with some degree of confidence, and that approaches to maximise the efficiency of 53 concrete use are developed. 54
55
In contrast to many other major structural materials, concrete is a complex composite. 56
Its wide palette of engineering properties -compressive strength, workability, 57 permeability, chemical resistance etc -is under the nominal control of the structural 58 designer, rather than the materials supplier. Each of these properties can vary 59 dramatically depending on mix recipe; in most cases there are many mix recipes that 60 will result in a concrete which fulfils the designer's requirements. This multiplicity 61 offers the structural designer an effectively infinite range of concretes, each of which 62 will have its own eCO 2 The purpose of this paper is to demonstrate how changing some of the independent 80 mix design variables that have the greatest effect on a concrete mix -cement grade, 81 crushed vs uncrushed aggregate, use of superplasticisers, use of PFA (pulverised fuel 82 ash, also known as fly ash) and workability (i.e. slump) -affects eCO 2 
Methodology 92
In summary, we calculated the eCO 2 and predicted mean compressive strength at 28 93 days standard curing of cube specimens (target mean strength) for 512 theoretical, 94 'virtual' concrete mixes, as a function of the most important mix design variables. 95
These model mixes were derived from a widely accepted and validated mix design 96 method used throughout UK academia and industry. Whilst it was clearly not feasible 97 to manufacture and test over 500 mixes in a preliminary study of this nature, a number 98 of real trial mixes were prepared, cured and tested for compressive strength in the lab 99 to check the validity of the model. 100
101
The BRE mix design method [12] to the higher cement contents required of such mixes to preserve workability and 144 compaction. However, for a given concrete strength, eCO 2 varies by a factor of~3; 145 thus, any notion that eCO 2 is a simple monotonic function of strength is clearly overly 146 simplistic and explains the scatter encountered by Habert [16] . The eCO 2 of the 147 concrete mixes where the binder is a blend of CEM I and PFA (dashed lines in Figure  148 1) is typically lower than the eCO 2 of concrete mixes with only CEM I (solid lines in 149 Figure 1 ). However, this is not always the case. It is possible to have a PFA-CEM Iconcrete with a higher eCO 2 than a CEM I concrete of the same strength; i.e. there is 151 some overlap between the sets of dashed and solid lines in Figure 1 . Thus the 152 commonly held view that a concrete made with a blended cement binder will 153 automatically and necessarily have a lower carbon footprint than a traditional concrete 154 is also erroneous. 155
156
As presented in Figure 1 , the observation that eCO 2 increases with compressive 157 strength is not surprising, and has been reported elsewhere [8, 11] . However, it is not 158 realistic to consider the eCO 2 of concrete solely in terms of its mass. It is clear that to 159 resist a given compressive load, using a higher strength concrete will result in the use 160 of a lower mass of concrete. Rather, the concrete should be considered in terms of its 161 structural performance; thus the simple eCO 2 plot in Figure 1a outweighed by the increased cement content required to achieve that strength. Using 174 the optimum strength concrete will result in eCO 2 reductions of up to 40% for anygiven mix family. Fortunately the minima are quite broad, which allows the designer 176 to retain considerable flexibility in mix design without a large carbon penalty. 177
178
In addition to the data presented in Figures 1a and 1b , it was also possible to use the 179 raw data to extract the effect of the individual mix design variables (there is negligible 180 interaction) and assess their relative importance. As expected, an important factor was 181 moving from 100% CEM I binder to 40% replacement by PFA, producing a reduction 182 in eCO 2 (for a given concrete strength) of 35 ± 1%. Note that this is contrary to the 183 simple expectation that replacing 40% of the PFA reduces eCO 2 by~40%. For a 184
given target 28 day strength, adding PFA requires that the water/binder mass ratio 185 (w/b) be reduced to compensate for the lower reactivity of the PFA (a k value of 0.3 186 has been assumed, [12] ). Even though PFA is~30% less dense than cement and thus 187 replacing cement with PFA tends to increase binder volume, the net effect is that in 188 order to keep the paste (i.e. cement + PFA + water) fraction of the concrete constant, 189 the total binder mass content must be increased by~13% and thus the cement content 190 is only reduced by~35%, not 40%. from the literature spanning >20 years [18] [19] [20] . The mix designs arrived at via 214 traditional means [18, 19] , fall into the envelope predicted by the model. The designs 215 supposedly optimised for 'ecological effects' using a neural network model however 216 [20] , would appear to be rather expensive in terms of eCO 2 . The two monotonic 217 relationships presented by Hammond [8] are also overlaid. They are almost coincident 218 with the upper bound curves for both normal (mix 4) and PFA (mix 12) concretes. 219 220
Conclusions 221
This work has shown that it is an oversimplification to consider the embodied carbon 222 of concrete either as a fixed value or as a direct function of compressive strength. It is 223 clear that carbon savings may be achieved by carefully considering the mix recipe in 224 detail. Replacement of cement clinker with PFA can achieve considerable savings, as 225 is often reported, but using a concrete of lower workability, employing a 226 superplasticiser, using crushed rather than rounded aggregate and/or using a higher 227 strength of cement can have comparably significant effects. Furthermore, analysing 228 eCO 2 normalised for compressive strength as a function of mix design clearly 229
indicates that there is an optimum strength, typically about 60 MPa, at which the 230 eCO 2 per unit of structural performance is minimised. 231
232
The absolute values presented here should emphatically not be taken as a definitive 233 guide to the eCO 2 of concrete. Rather, they serve to highlight that considerable CO 2 234 savings can be achieved by adjusting everyday parameters without recourse to e.g. 
Purnell, Black -"Embodied … parameters" - 
